INTRODUCTION
We sought to develop a new, broadly applicable assay for the presence of DNA lesions, induced in vivo, in mammalian genes. The approach would be to use a single-strand specific exonuclease that will completely digest lesion-free restriction fragments, but whose progression will be blocked at DNA lesions, resulting in only partial digestion of fragments containing lesions. The undigested fragments can then be collected on a nitrocellulose membrane and detected by hybridization with a radioactive probe complementary to one end of a single-stranded DNA fragment of interest. The choice of probe location would determine which of the two DNA strands would be examined. Since the DNA fragments detected would be only those containing a lesion, it should be possible to discern differences between samples with very low lesion frequencies. Such sensitivity is not possible with currently used assays that rely on endonucleases to specifically incise DNA at the sites of lesions (e.g. [1] ).
The 3'-5'-exonuclease activity of phage T4 DNA polymerase is inhibited to a substantial degree by lesions in DNA produced by u.v. C radiation [2] , N-acetoxy-2-acetylaminofluorine [3] , psoralens plus u.v. A [4] and the N2-guanine adduct of 4-nitroquinoline 1-oxide [5] . Thus, the position and frequency of lesions in a homogeneous population of 5'-end-labelled singlestranded DNA have been determined by electrophoretic resolution, in a gel, ofthe small fragments remaining after incubation with T4 DNA polymerase in the absence of deoxynucleotide triphosphates (e.g. [2] ). However, this enzyme is not suitable for detecting lesions in large DNA fragments [6] . We found that the 3'-5'-exonuclease activity of T7 DNA polymerase, which can digest both single-and double-stranded DNA [7] , rendered KpnIrestricted mammalian DNA almost completely acid soluble. However, the T7 DNA polymerase-exonuclease was also able to bypass many different types of lesions, as documented in this report.
MATERIALS AND METHODS Exonuclease reacftons
Phage T4 DNA polymerase and native phage T7 DNA pyrimidine dimers, thymine glycols, and mono-adducts of 4'-hydroxymethyl-4,5',8-trimethylpsoralen and 5'-methylisopsoralen. Modifications of the reaction conditions did not significantly alter the extent of hydrolysis. These properties distinguish the T7 DNA polymerase-exonuclease from the T4 DNA polymerase-exonuclease and make the T7 DNA polymerase-exonuclease unsuitable for detecting several types of lesions in DNA.
polymerase holoenzyme were purchased from United States Biochemicals (Cleveland, OH, U.S.A.). The T4 exonuclease reaction was performed as described [2] . The T7 exonuclease reaction was performed in 20 mM Tris/HCl (pH 7.5 for double-stranded substrates, pH 7 .0 for single-stranded substrates), 10 (5 ,ug/ml) were irradiated with u.v. C as described [8] .
Linear pZH-2 plasmid was treated with 0.5 % OSO4 as described [8] [9] . Unreacted HMT was removed by chloroform extraction. Cross-linked DNA was separated from DNA without cross-links by alkaline isopycnic CsCl centrifugation [9] . DNA containing only mono-adducts was dialysed, concentrated and renatured by incubation overnight at 55 'C. pyrimidone photoproducts] can block the exonuclease, and/or a minor u.v.-induced lesion, such as thymine glycol [13] , may block the enzyme efficiently. To test specifically for blockage by thymine glycol we treated linearized plasmid (pZH-2, 4.5 kb) with OsO4 to produce thymine glycols at a predicted frequency of 1.5 per strand [8] . This DNA was then 5'-end-labelled with 35S and digested with T7 DNA polymerase-exonuclease. Only 10% of the 35S label in the OsO4-damaged DNA remained acid-insoluble.
At the u.v. C doses described above thymine glycol would be expected to occur at a frequency of far less than 1 % of the CPD frequency [8] . Therefore, it is most likely that the exonuclease is blocked, to various degrees, by subsets of one or more kinds of u. However, we were specifically interested in the inhibition by psoralen mono-adducts, since a sensitive assay for cross-links was already available [15] . Inhibition in plasmids containing only mono-adducts of [3H]HMT (see the Materials and methods section) was measured by retention of acid-insoluble label after incubation with the enzyme. We found that 0.7 adduct per strand in linearized pZH-1 (13.2 kb) inhibited the exonuclease activity 21 % when the plasmid was double-stranded and 11 % when the plasmid was single-stranded. Similarly, 1 adduct per strand in pZH-2 (4.5 kb) inhibited the enzyme by 20% and 7% in double-and singlestranded DNA respectively. Doubling the concentration of enzyme in the reaction mixture from 10 to 20 units/,tg of DNA did not significantly increase the extent of digestion.
We also examined blockage of the T7 DNA polymeraseexonuclease by a monofunctional psoralen, 5-MIP. As shown in Figure 1 , the inhibition increases with increasing adduct frequency. Doubling the concentration of enzyme in the reaction from 10 to 20 units/sag of DNA did not affect the release of label (tested at an adduct frequency of 2.2 per kbp). The mean size of KpnI-restricted CHO DNA is about 20-25 kbp, so that almost all of the fragments contained more than one 5-MIP adduct. It is likely that the increased inhibition of the exonuclease in response to increased adduct frequency is due to adduct frequencies being much greater than one per fragment, so the fraction of all adducts bypassed in any strand decreases with increasing adduct frequency. In a small plasmid substrate, 1 (Figure 2 ).
Reaction conditions
Varying the pH from 7.0 to 8.0 did not greatly affect the extent of digestion of undamaged DNA produced by the exonuclease (see also [7] T7 DNA polymerase-exonuclease is inhibited by Na+ ions [7] . Over the range 0-100 mM Na+ we found that the digestion of undamaged DNA and the release of HMT mono-adducts from plasmid were similarly inhibited.
Other exonucleases
We considered the use of other exonucleases in the proposed assay. A phage exonuclease (5'-3') and Escherichia coli exonuclease III (3'-5') both require double-stranded substrates [17, 18] . This makes them unsuitable for our assay since both strands of an undamaged DNA fragment must be digested. Additionally, A exonuclease is only partially inhibited by adducts formed by 5-MIP [19] , cis-platinum and the acridine mustard ICR-170 [20] , and exonuclease III has an abasic-site endonuclease activity [18] and can also terminate at undamaged sites [21] . We tested E. coli exonuclease I, a 3'-5' exonuclease specific for single-stranded DNA and found, in preliminary experiments, that this enzyme could suitably digest undamaged KpnI-restricted CHO DNA, but was inhibited only slightly by u.v. C-induced lesions or HMT mono-adducts.
In order to be useful for our assay, an exonuclease must be able to hydrolyse large fragments of single-stranded or single-and double-stranded DNA, and be inhibited to a substantial degree by lesions which occur in the DNA. We found that T7 DNA polymerase-exonuclease meets the first criterion but fails in the second for the DNA lesions tested here. Other characterized exonucleases also fail to meet these criteria. There may exist a suitable exonuclease yet to be discovered and characterized.
